The emission from PSR J1107−5907 is erratic. Sometimes the radio pulse is undetectable, at other times the pulsed emission is weak, and for short durations the emission can be very bright. In order to improve our understanding of these state changes, we have identified archival data sets from the Parkes radio telescope in which the bright emission is present, and find that the emission never switches from the bright state to the weak state, but instead always transitions to the "off" state. Previous work had suggested the identification of the "off" state as an extreme manifestation of the weak state. However, the connection between the "off" and bright emission reported here suggests that the emission can be interpreted as undergoing only two emission states: a "bursting" state consisting of both bright pulses and nulls as well as the weak-emission state.
1. INTRODUCTION PSR J1107−5907 is an isolated radio pulsar that was discovered in the Parkes 20-cm Multibeam Pulsar Survey of the Galactic plane (Lorimer et al. 2013) . Its rotational period (P ∼ 0.25 s) is typical of normal pulsars, but a comparatively low period derivative (Ṗ ∼ 9 × 10 −18 ). places this pulsar in an under-populated region in the P -Ṗ diagram between the populations of normal and recycled pulsars. The inferred characteristic age of the pulsar (τ c ∼ 447 Myr) indicates that it is amongst the oldest non-recycled pulsars.
Pulsar emission is known to be complex. Individual pulses vary in shape, phase and intensity. At least onethird of pulsars exhibit the phenomena known as subpulse drifting (Weltevrede et al. 2006) in which individual pulse components drift in pulse phase. Many pulsars also exhibit "nulling" (Backer 1970) during which the pulsed emission seemingly switches off for a few pulses at a time. Pulsars are termed "intermittent" if their emission ceases for long periods corresponding to a large number of missing pulses (for instance, the emission may cease for hours to years) 1 . Kramer et al. (2006) , Camilo et al. (2012) and wangjingbo@xao.ac.cn 1 The term "intermittent" is not well defined. Some authors only use this term for pulsars whose emission ceases for timescales measured in days. Other authors use the term also for pulsars whose emission ceases on a much longer timescale than the pulse period, for instance over minutes to hours. Lyne et al. (2017) have shown that the spin-down rate for intermittent pulsars decreases when the pulse emission is off. Other pulsars show discrete emission states in which the emission does not completely switch off in either state. This is known as "mode changing". Various authors (e.g., Wang et al. 2007 and Lyne et al. 2010) have suggested that mode changing and nulling are related phenomena. Pulsars with complex combinations of these emission phenomena have also been reported (e.g., Bhattacharyya et al. 2010 and Zhang et al. 2019) .
Some pulsars, including PSRs J1752+2359 (Lewandowski et al. 2004 ), J1938+2213 (Lorimer et al. 2013 ) and B0611+22 (Seymour et al. 2014 ) exhibit "bursting" emission during which a large number of bright individual pulses are detected over a relatively short time interval. There is still no clear physical model for why this occurs.
As we argue in this work, PSR J1107−5907 exhibits a number of these emission features, including bursts. O'Brien et al. (2006) reported that the pulsed emission of PSR J1107−5907 switches between a null state with no detectable integrated pulse profile, a weak mode with a narrow pulse, and a bright mode, with a very broad pulse profile. In contrast, Young et al. (2014) argued that the pulsar only exhibits two emission states, strong and weak, with the previously proposed "off" state simply being an extreme end of the weak emission state. They also showed that the pulsar is likely a near-aligned rotator and that it does not exhibit any measurable spin-arXiv:1911.12024v1 [astro-ph.HE] 27 Nov 2019 During the past few years this pulsar has been semiregularly observed using the 64-m Parkes telescope. Most of these observations are short, quick-look observations carried out as part of the P595 PULSE@Parkes outreach project (e.g., Hobbs et al. 2009 ), interspersed with relatively long (∼ 1 hour) observations obtained for a project studying pulsar intermittency (with Parkes observing code P863) and long rise-to-set observations carried out during time assigned to and supported by the Commensal Radio Astronomy FAST Survey (CRAFTS) program (Li et al. 2018 ; with observing code PX500). The data sets comprise a number of observing modes and frequency bands and include both data folded at the known pulse period and "search mode" data in which single pulses can be analyzed.
With an aim of assessing PSR J1107−5907 identification as a bursting pulsar, we concentrate on the Parkes data sets that exhibit the strong bright state. In Section 2, we describe the observations and processing method. Our primary results are presented in Section 3 in which we study the occurrences of emission-state switches and study the single pulse energetics to support our hypothesis. We compare models of the emission states in Section 4 and conclude in Section 5.
2. OBSERVATIONS The observations described here were obtained with the Parkes 64-m radio telescope. All these observations are archived in the CSIRO data archive (Hobbs et al. 2011; data.csiro.au) . Most are now publically available, but those acquired within the last 18 months are embargoed. We visually inspected all the available observa-tions of PSR J1107−5907 and selected data files in which the pulsar was detected in its bright state, exhibiting a very broad and unambiguously bright integrated profile. Table 1 lists, for each observation, the corresponding file name, the modified Julian date (MJD) of the observation start, project ID, observing frequency, observing mode (fold or search), backend instrument(s) used and the observation length.
Some observations were obtained simultaneously in the 10 and 40 cm observing bands with the dual-band receiver, but the majority of the observations were in the 20 cm observing band using the central beam of the 13beam multibeam receiver. A few were recorded using the H-OH single pixel receiver. A number of backend systems have been used for recording the data, including the Parkes Digital Filterbanks (PDFB3 and PDFB4) and the CASPER Parkes Swinburne Recorder (CASPSR). Detailed descriptions of the receivers and backend systems can be found in Manchester et al. (2013) and Young et al. (2014) . The PDFB and CASPSR backend systems can be calibrated (both flux density and polarisation calibration) if (as is usually the case) a switched calibration signal was recorded either prior to or after the observation. The final flux calibration is carried out by relating the calibration signal to the known flux density of Hydra A using the psrchive pulsar signal processing system (Hotan et al. 2004 , Manchester et al. 2013 and Xie et al. 2019 . We formed analytic templates for the bright and weak emission modes separately from our observations using paas and then obtained the flux density estimate using psrflux, which matches the template with the observation and determines the area under the template.
Search-mode data is folded to the pulse period or 30 second sub-integrations using the DSPSR (van Straten & Bailes 2011) software package. The search-mode calibration files are folded at the calibration pulse period (11.123 Hz). We mitigated aliased signals and narrowband radiofrequency interference (RFI) by excising channels within 5% of the band edge and those with a level substantially above a median-smoothed bandpass, respectively. The Psrchive program pac is used to perform flux (based on observations of Hydra A) and polarimetric calibration.
RESULTS
In Figure 1 we show three representative examples of the flux density as a function of time for PSR J1107−5907. The three panels correspond to obser-0.01 vations 12, 9 and 10 in Table 1 respectively. The short bright states have flux densities around ∼100 mJy. Note that the flux density is plotted on a logarithmic scale and so where the measured flux density value is consistent with zero we plot an upper bound symbol (downwardpointing triangle) at the value of the 1σ uncertainty. For the longest observation (panel A in Figure 1 ) we identify five regions (labelled 1 to 5). All the regions apart from region 2 are of 24 minute duration. The folded, total intensity profiles for these regions are shown in Figure 2 . Note that the y-axes use different scales for each panel. The pulsar is much more polarized during the bright mode than in the weak mode and the linear and circular polarized profiles are similar in the three observing bands. As shown in Figure 3 , there are three main linear polarized components in the main pulse and the trailing component seems more linearly polarized than the precursor. As shown in Figures 1 and 2 , the mean Table 2 Occurrences of the various combinations of the possible state switches for the 12 observations that contain the bright state.
Transition
Occurrences weak to off 0 weak to bright 9 bright to off 12 bright to weak 0 off to weak 4 off to bright 3 off to bright to off 3 off to bright to weak 0 weak to bright to off 9 weak to bright to weak 0 flux density during the bright state is about two orders of magnitude higher than that of the weak state. We have checked through all the calibrated data sets and the mean flux densities in the weak state fluctuates within an order of magnitude in all of the three observing bands and ranges from 0.7 to 4.2 mJy, 0.21 to 2.1 mJy and 0.07 to 0.54 mJy in the 10 cm, 20 cm and 50 cm observing bands, respectively.
The pulsar flux density shown in Region (1) of Panel (A) of Figure 1 is around 2 mJy at the start of the observation. This is typical of the weak state that has been described by Young et al. (2014) and O'Brien et al. (2006) . There is a sudden change to the bright state (Region 2). The duration of the detected bright states ranges from a few minutes to a few tens of minutes and the intensity of strong single pulses during bright states can be higher than 10 Jy (as shown in Figure 4 ) at 0.7 GHz. All the integrated profiles during bright states are similar but not identical since the strength and the number of single pulses during each bright state are different. After the bright state in panel (A) the pulsar seems to switch off. In region (3) we have no significant measurements of a pulse with an upper limit of < 0.2 mJy. The folded pulse profile ( Figure 2) shows no indication of a pulse. We explain below (Section 4) that this is a likely an indication of a bursting-emission state, and not, as Young et al. (2014) suggest, part of the weak emission state. Region (4) is back to the weak state (although the mean flux density of 1.2 mJy is slightly lower than the mean value prior to the bright emission). Between regions (4) and 5 we identify a significant decrease in the flux density. However, in contrast to Region (3), in Region (5) the emission is still present (as seen in the bottom panel of Figure 2 ) and the mean flux density is 0.4 mJy. This is the so-called low-level "underlying emission" identified by Young et al. (2014) which is only detected through profile integration and commonly seen in our data set. The emission then increases back to a typical weak state level.
For this observation (panel A) the emission pattern is from weak at the start of the observation to bright, to off, and then to weak (though the final weak state varies significantly in flux density until the end of the observation). For all of the observations listed in Table 1 we have determined whether the emission transitions from "weak to off", "bright to off", "bright to weak", "off to weak" or "off to bright". These results are presented in Table 2 . In all observed cases the emission switches from "bright to off", and never from the bright to the weak state. The majority of the observations exhibit the pattern "weak to bright to off", but in a few cases (observation numbers 7, 10 and 11 in Table 1 ) we observe "off to bright" and then back to off.
A more detailed look at an "off to bright to off" transition can be seen in Figure 4 . In this Figure we have shown the flux density of individual pulses at 1.4 GHz around a bright emission state. For the first ∼ 7 minutes we see no evidence of any emission. Then the pulsar abruptly enters the bright emission state. The bright state lasts for ∼5 min and then the emission switches back off. However, we notice two individual, single pulses occurring just after 15 minutes from the start of the observation. These pulses are clearly from the pulsar (the inset shows the dispersion of the pulse). Based on the single pulse observations listed in Table 1 , we have determined that the pulsar seems always to enter the bright emission state suddenly, within one rotation of the neutron star.
We have two observations in which simultaneous dualband (10/40 cm) single-pulse data sets were recorded whilst the pulsar was in the bright state (observation numbers 4, 5, 6 and 7 in Table 1 ). The calibrated single pulse flux densities variation are shown in Figure 5 for observation numbers 6 and 7 (note that observation files 6 and 7 represent DFB3 and DFB4 simultaneous observations of the pulsar in different observing bands). In order to compare the flux density in the two bands, the flux densities in the 10 cm observing band are shown as negative values. The flux densities for the sporadic single pulses seen during the weak state are on a level of a few tens of mJy, one hundred mJy and a few hundreds of mJy in the 10, 20 and 50 cm bands, respectively. They are more than an order of magnitude weaker than the strong single pulses in the bright state as shown in Figure 4 and Figure 5 .
These 453 single pulses shows that the emission abruptly starts and stops, but the emission is "bursting"; the individual pulses vary significantly in terms of their flux densities and spectral index. We identify 28 pulses in which we clearly detect the pulse in the 40 cm observing band, but not in the 10 cm band and 40 pulses in which the pulse is only observed in the high-frequency band. We calculated the spectral index from 60 individually matched pulses (above a signal-to-noise threshold of 6 at both bands). The spectral index range from −3.56 to 1.37 with a mean of −1.11 and a standard deviation of 1.1. The variation of the spectral index is more extreme than that presented by Meyers et al. (2018) . Characterising the pulse energy distribution of a pulsar is helpful in understanding the pulse emission process. The pulse energy distribution of pulsars can often be represented by single component distributions (a lognormal or a power-law distribution). Since our data are well calibrated, we identify the pulse energy with the flux density. Below, we fit the pulse energy distribution for the bright states of observations No. 6 and No. 11 in Table 1 (see also Figure 4 and the red line in Figure 5 ) and display the resulting best-fit model in Figure 6 .
We modelled the pulse energy distribution with both a log normal and a power law distribution, and we also considered an additional null component for each case. In detail, we first characterized the white noise properties of the pulse distribution, finding it to be well-described by a normal distribution, and then convolved the trial distribution (log normal or power law) with the white noise model to determine the predicted distribution of pulse intensities. We determined the parameters of the distribution by optimizing the gaussian likelihood. The specific form of the power law, P (F ) ∝ (1 + (F/F c ) 2 ) α/2 includes a low-energy cut-off, F c in addition to the spectral index α. The log normal distribution follows the standard form P (F ) ∝ (1/σF ) exp[−0.5 (ln F − µ) 2 /σ 2 ] with parameters for the logarithmic width (σ) and mean (µ) of the distribution. We ignored a small number of negative outliers which were formally below 4σ for our white noise distribution, as well as the long region of nulls shown in Figure 4 . We incorporate nulls using a mixture model whose relative normalization (nulling fraction) is the only additional free parameter.
After optimizing the parameters for both models, we find the power law distribution is preferred by an increase in the log likelihood of ∼4 for each of the two data sets. While this increase is formally significant, given the potential influence of systematic errors in the flux densities, we argue that both models provide an adequate description of the pulse energy distribution. We also considered the presence of an additional component of nulls, interleaved with the pulse energies described by the power law and log normal distributions. With this component, the log likelihood improves by ∼ 4 for the log normal model for both sets, and by 18 and 13 for the power law. A null component is, formally, strongly preferred for the power law model, though we again caution that systematic flux errors could dilute this preference. The best-fit nulling fraction for the log-normal model is 25% and 30% for the two data sets, and 35 and 45% for the power law model, respectively. (We again emphasize we have excluded the obvious long span of nulls for observation No.11 in Table 4.) In summary, there is no strong preference for either model, and only modest evidence for nulling under the log-normal description. However, if the power law model is the correct underlying distribution, there is good evidence for a nulling fraction of 35-45%.
DISCUSSION
We believe that there are three possible descriptions of the emission states in this pulsar: 1. As originally described by O'Brien et al. (2006) , the pulsar exhibits three emission states: weak, strong and off.
2. As proposed by Young et al. (2014) , there are only two emission states: weak and strong. Here, the "off" state is only the weakest part of the weak state.
3. A new description in which there are only two states, which we label "persistent" and "bursting". The persistent state is the same as the "weak" state described earlier. However, the "bursting" state contains very bright single pulses (leading to the bright emission), but also long periods of nulls (leading to the off state).
We note that more sensitive telescopes may be able to detect emission from the off state. Our current observational results are inconsistent with description #2 as there seems to be a repeating pattern off "bright" to "off", which is hard to explain if the off state is simply a low-S/N part of the weak state.
Distinguishing between descriptions #1 and #3 is difficult. But a model with nulls occurring aside bright pulses is mildly preferred. We have tried to measure the pulse frequency and its derivative during different states. However, the measured precision of these quantities is insufficient to distinguish them. The number of nulls between two bright single pulse in the bright state ranges from 1 to ∼ 1200 (as shown in Figure 4 . The bright state often ends with many nulls as shown in Figure 4 , but the number of nulls after the bright state varies widely between observations. During the weak state, many detectable single pulses can often be seen and these detectable single pulses form the visible integrated pulse profile. The flux density of these detectable single pulses is on the level of ∼ 100 mJy at 1.4 GHz and a few tens of mJy at 3.0 GHz, which is much weaker than single pulses that occur during the bright state. As shown in Figure 1 , the flux densities fluctuate rapidly over a small range during the weak state. Scintillation structure is clearly visible in the single dispersed pulse from the inset of Figure 4 , raising the possibility that interstellar scintillation could influence the inferred properties of the single pulses. We estimate a scintillation bandwidth of 73 MHz from a frequency-domain auto-correlation analysis. It is more difficult to estimate the scintillation timescale since the pulsar is in weak state for the most of time, however, no obvious change in the scintillation structure is observed during the longest bright state, setting a lower limit on the diffractive timescale of 24 minutes. We can thus conclude that the inferred properties of single pulse are not affected by interstellar scintillation.
Pulsar state switching behaviors including nulling, bursting, mode changes, sub-pulse drifts, and long-term intermittency can all be modeled as Markov processes (Cordes 2013) . Kerr et al. (2014) modelled the nulling of PSR J1717−4054 as a three-state Markov process. However, in order to model the state switching of the pulsar in this paper, the different states need to be well defined via the single pulse properties first. Quantitative evaluation of a Markov model also requires observations with sufficient S/N. Table 1 .
Even for many of the well-studied objects, pulse-topulse variations cause overlap of on-and-off-state intensities, leading to false positives from algorithms that identify state changes. Future work with now-available wideband receiver systems on existing telescopes and eventually with new array telescopes (ASKAP, MeerKAT, and the SKA) can improve the discrimination between states as well as expand the sample of objects that can be studied in this way.
CONCLUSION
Our analysis of PSR J1107−5907 observations is not consistent with the Young et al. (2014) model in which the pulsar exhibits only a bright and a weak emission state. However, our results are consistent with a twostate model in which the pulsar is in a persistent or in a bursting-emission state.
Continued monitoring of this pulsar is essential to understand the emission in more detail, but there are two clear areas that could be improved from the current Parkes observations. First, a much more sensitive telescope could probe the pulse nulls/very weak/off state in more detail and then different states of the pulsar can be well defined and used as input for a Markov model of the state switching process. PSR J1107−5907 is in the far Southern sky and so, until the SKA-era, the only telescope capable of providing more sensitive observations is MeerKAT, which is about 7 times more sensitive of Parkes multi-beam observations. Second, the dual-band 10/40 cm data indicates significant variations in the single pulse properties across that band. The recently installed ultra-wide-bandwidth receiver at Parkes provides uninterrupted coverage over the entire band with greater sensitivity than currently possible.
